Abstract --We report a comparative study of the superconducting behavior in YBa2Cu307 epitaxial films irradiated with Ag and Au ions of several hundred MeV energy. The irradiation results in columnar defects of average diameter -55 and -110 A for Ag+21 and Au+24 ions respectively. A universal linear scaling is observed between the fractional areal damage vs the superconducting transition temperature and normal state resistivity. Our results also show that in these films with intrinsically strong pinning, a marginal enhancement in the critical current density (Jc) occurs when the defect density is I 5 x 1010/cm2 and the defect diameter is of the order of coherence length. This criterion is satisfied by the silver ions. The damage due to ions is much too severe to improve the Jc.
I. INTRODUCTION
In addition to the challenges involved in fabricating crystallographically well-oriented materials of desired shape, a major hurdle in the technological applications of the copper-oxide based superconductors is their insignificantly low critical current density (Jc) in the presence of moderate magnetic fields. Irradiation with energetic electrons, yrays and nucleons (protons and neumns) has been used since the early days of type-11 superconductors for selective creation of defects which provide pinning sites for the magnetic flux [l] . A large body of literature also exists on the use of energetic electrons, protons and neutrons for pinning enhancement in high Tc cuprate superconductor [2] . However, depending on the defect density and the crystalline quality of the starting material, the consequences of irradiation have varied from marginal enhancement to degradation of the superconducting parameters. For example, after irradiation with neutrons, the enhancement in the Jc of YBa2Cu307 (YBCO) single crystals [3] , which had a low Jc to start with, is higher as compared to films with intrinsically high Jc ( lo6 A/cm2 at 77 K) [4] . As compared to the marginal effects of irradiation with nucleons on Jc, much larger improvements in the critical current, particularly at high temperatures and magnetic fields have been realized in YBCO crystals by irradiation with heavy ions of penetration depths much larger than the crystal thickness [5] .
We have carried out a systematic study of the mixed state transport in epitaxial films of YBCO irradiated with the ions of silver and gold. In the unirradiated (called pristine henceforth) state, these films show a high degree of intrinsic pinning (Jc at 77 K -106 A/cm2). The gold-ion irradiation at a dose as low as 5.6 x 1O1O ions/cm2, leads to a significant loss in the superconducting volume fraction which counteracts any enhancement in Jc due to additional pinning. These consequences of the radiation-induced loss of the superconducting volume are also seen in the behavior of the normal state resistivity and Tc of the films. For the silver ions, a mar@ increase in the pinning force is seen at 77K.
EXPERIMENTAL, DETAILS
Predominantly c-axis oriented superconducting thin films of thickness 300 to 400 nm were deposited, in situ, onto (100) cut SrTiOg substrates using the standard dc offaxis magnetron sputtering of a YBCO target [6] . ?he films were photolithographically pattemed in the form of 1 mm long and 100 pn wide bridges for a four probe measurement of resistivity and J, . Low resistivity contacts were achieved by depositing 200 nm silver pads onto which the current and voltage leads were attached with indium measurements were performed with a current of magnitude low enough to ens and the voltage was meakured with a Current -Voltage (I-V) characteristics and was limited to 100 mA. shown in the inset of the figure. A detailed analysis [7] of the TEM images has revealed that these defects consist of amorphised material with a Gaussian size distribution which peaks at -110 A for the gold ions of 300 MeV, measurements of Electron-Energy-Loss-Spectra of the oxygen Kedge using a nano-meter size elecmn beam, also revealed a region of oxygen disorder surrounding the amorphous tracks. The diameter of amorphous tracks is nearly half for the silver ions. Furthermore, in the case of silver, the actual defect density in the material is about half of the measured fluence during irradiation. This discrepancy in the density and size of the defects produced by the Au and Ag-ions is intimately connected with the way the ions lose energy in the medium. A fast, heavy, charged particle transfers its energy to the atoms of the solid by means of direct nuclear collisions and inelastic collisions with the atomic electrons [8]. The latter mechanism, which is proportional to the effective charge on the projectile, dominates overwhelmingly in the early stages of its passage through the stopping medium. Since we are dealing with a thin film, the inelastic collisions with the electrons and dissipation of this electronic energy through electron -laaice interactions would be the primary cause of damage in the present case. The creation of amorphous tracks, as observed in Fig. 1 , may result from a localized melting and subsequent rapid solidification of the material [9]. In Tables I(a) and I@) we list the TEM-measured fluence, fractional area A of the film occupied by the defects and their mean separation. Values of the matching field, defined as the field at which the flux-line-lauice parameter is equal to the separation between the defects, are also listed in the tables. The loss of conducting volume fraction of the fdms, as a result of the amorphous tracks created by the goid and silver ions, is reflected in the normal state resistivity of the material. In Fig. 2 we show the resistivity at 290 K plotted as a function of the damaged area, A, which was estimated from the sue of the defects. A universal linear increase in the resistivity is Seen with the increasing areal damage. Damaged area ( percent ) Fig, 3 Relative change in transition temperature vs. the areal damage due to inadiatiaa.
While discussing the issue of dissipation in the mixed state, the important q w t h to ask is whether the irradiation leads to pinning of the magnetic flux in the material. Any additional pinning contribution would be reflected in a sensitive measurement of dre resistivity in the mixed state. In Fig. 4 we compare tbe resSivity of two films measured at 2 Tesla before and after inadiation. The magnetic field in these measurement was directed perpendicular to the plane of the films. For the film irradiated at 5.6 x 1Olo ions/cm2 of which is at a slightly lower temperature as unirradiated sample. Clearly, in the The Flux Flow (TAFF) regime of dissipati sensitive to pinning, no improvement is seen after irradiation. However, in the case of film irradiated with the Ag-ions, the tail of the TAFF resistivity shows a small but distinct and progressive shift to higher tem irradiation at 2.5 Magnetic Field ( Tesla ) Fig. 5 Pinning force density of a film at 77 K in form and after irradiati fluence.
The enhancement in linear defects is also seen current density. Figure   jloJc As seen in Fig. 1 , the irradiation leads to the fo flux-line-lattice parameter at 1.3 and -2 Tesla respectively. While in the case of single crystals, a similar areal density of defects causes a significant enhancement in Jc at 77 K, the null result in the case of films irradiated with Au ions points towards two possibilities: (a) the intrinsic defects, which are responsible for the large critical current at 77 K in the pristine form, dominate the transport, and (b) any gain in pinning due to the radiation-induced defects is counteracted by the loss in superconducting volume fraction in the films. However, for the silver ions, a finite increase in pinning is evident in the critical current density data. This observation shows that the smaller diameter of the radiation-tracks created by Ag+21 ions allows a more efficient accommodation of the vortex cores.
In summary, we have investigated the effects of gold and silver ion irradiation on the resistivity and transport critical current density of YBa2Cu307 thin films. The irradiation results in columnar defects of average diameter 55 and 110 8, for Ag+21 and ions respectively. In the case of the silver ions, a marginal enhancement in the critical current density is seen at fluence < 5 x 1O1O ions/cm2. However, irradiation at the same fluence with Au ions results in a significant loss of the superconducting volume that nulls any gain in the pinning strength due to the columnar defects.
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